Abstract. Since the invention of fluidized bed systems to augment chemical reactions, numerous innovations were introduced to the system. These innovations result-in substantial improvement to the overall efficiency apart from resulting the fluidized bed system to become more compact. One of the innovations were the introducing of secondary air inside the bed so that a secondary motion in lateral direction can increase the amount of solid-gas interaction. This paper reviews various techniques proposed by researchers in providing secondary air inside the fluidized bed system. In general, four techniques were common in which the bed was named after: vortexing bed, cyclonic bed, rotating bed and swirling bed. Though resemble similarity, each of these beds were unique and comes with different advantageous. In conclusion, a fluidized bed system can be improved by the secondary motion in the bed which provides opportunities for further innovations.
Introduction
Fluidization is the operation by which solid particles are transformed into fluid-like state through suspension in a gas or liquid. This method of contacting between solid and fluid has some unusual characteristics, and fluidization engineering puts them in to good use [1] . The basic mechanism of a fluidized bed can be seen simply as fluid percolation through particle interstices, in which particles begin to exhibit fluid-like characteristics upon experiencing sufficient drag force by the fluid.
Since the last 80 years, fluidized bed technology has served many industries involving solid -fluid contact due to their apparent advantages such as excellent mixing and homogeneity in heat and mass transfer. Today, fluidized bed systems are widely used in processes such as combustion and gasification of solid fuels, biomass processing, heat recovery, drying of particles, particle heating, oxidation of metal ores, metal surface treatments and catalytic and thermal cracking. The system has made substantial technological advancements ever since and become mature. Nevertheless, the energy crisis and growing industrial needs have motivated continuous initiatives to further improve the existing fluidized bed technology. Different designs of the system components, particularly the distributor, and their effect on bed performance are some of the examples.
Among the well-established variants in fluidized bed systems, such as the centrifugal fluidized bed, tapered fluidized bed, spouted bed, rotating bed and vibrating bed, there is a group of fluidized beds which operate based on swirling (or vortexing or cyclonic) principles. Although the terms swirling, vortexing and cyclonic may seem to address the same system, there are several salient features distinguishing them from each other.
Fluidized bed distributor
In a fluidized bed system, the distributor may be regarded as the 'heart' of the system. A good design of gas distributors is vital to ensure satisfactory performance of the fluidized bed system as well as success in industrial applications which adopt the fluidization technique. The large numbers of publications on the distributor design since the last three decades prove that there still are unresolved questions in gas distributor designs in actual operation. According to Geldart and Baeyens [2] , some of the basic requirements of a gas distributor are uniform distribution of gas into the fluidized bed, operation at as low pressure drop as possible to minimize power consumption, sufficient strength to withstand both thermal and mechanical stresses, prevention of particle drainage, reduction in particle attrition and prevention of plate erosion. These requirements may be contradictory and their relative importance depends on the process needs.
Although distributors with low pressure drop are preferred to reduce energy consumption during processing, it should be noted that distributors having too low pressure drops may result-in poor fluidization. This is due to more flow of process gas taking place at the zone with lowest flow resistance. As a result, the bed may be permanently defluidized, whilst in other parts semi-permanent spouts or channels may be occurring [2] . Therefore, the distributor pressure drop has to be large enough to overcome the small local pressure disturbances of the fluidized bed.
Many early researchers proposed a ratio between distributor pressure drop and bed pressure drop (∆Pd/∆Pb) as design guidelines. Agarwal et al. [3] proposed that ∆P d should be approximately 10% of the bed pressure drop and never less than about 3500 Pa (350 mmH 2 O), while Siegel [4] proposed a minimum value for ∆P d / ∆P b ranging from 12% to 24%. In more recent industrial designs by Gupta and Sathiyamoorthy [5] and Mujumdar [6] , pressure drop ratio values of not less than 25% to 50% have been found successful. In line with the rapid progress in this area over the years, a large variety of distributors has been studied and reported.
Investigation on the influence of various distributor designs, namely perforated plate, punched plate and Dutch weave mesh on fluidized bed dryer hydrodynamics were carried out by Wormsbecker et al. [7] and Wormsbecker and Pugsley [8] . Particles in the transition region between B and A (according to Geldart's classification) were tested at various bed loadings and superficial velocities. The distributors were assessed in terms of drying kinetics and pressure fluctuations. The authors found that the punched plate has the best performance as a result of lateral mixing inside the bed, due to swirling flow of fluidizing air. This swirling flow was generated by the horizontal gas jets from the hooded openings of the punched plate.
The effect of air distributor on fluidization hydrodynamics was also studied by Son et al. [9] and Ciesielczyk [10] for large particles. The former conducted experimental work using perforated plate distributors with five different fractions of open area, ranging from 0.9% to 3.7% using 1 mm glass beads as bed material, while the latter proposed a novel distributor consisting of a perforated grate with conical plenum with a solid cone at the bottom for fluidizing various biomass chunks (equivalent diameter ranging from 6.6 mm to 9.2 mm).
Both authors plotted the pressure-velocity curves and concluded successful fluidization though they reported different regimes of operation.
The distributor's influence on the uniformity of fluidization and selection of the aspect ratio at the critical fluidization quality was reported by Sathiyamoorthy and Horio [11] . The authors conducted experiments on two types of multi-orifice distributor with three bed materials having size distribution between 70 -161 µm and proposed a model equation for predicting critical ∆P d / ∆P b ratio. The authors claimed that the aspect ratio values were important in selecting a distributor and operating velocity for shallow beds.
Apart from the stationary distributors as mentioned above, Sobrino et al. [12] proposed a rotating distributor with the aim to improve solid mixing as well as achieving fluidization for a shallow bed. The authors tested Geldart B silica sand with various bed heights on a perforated plate distributor with only 1% open area ratio. With the increase of rotational speed of the distributor, the authors reported a decrease in minimum fluidization velocity while the fluidization quality was left unaffected. Perhaps due to the complicated design, the authors discontinued the study and later published their findings on the effect of perforated and bubble-cap distributor on turbulent fluidized bed [13] .
Recently, Aworinde et al. [14] proposed a novel gas distributor plate with many upwardfacing nozzles incorporated with removable helical coils. Their aim was to swirl the fluidizing gas prior entering the bed. They've conducted experiments using magnetic resonance imaging and concluded that the swirling flow induced by the helical coils significantly improved the bed's fluidization quality despite some increase in the distributor pressure drop.
First patented by Dodson [15] and commercialized by Torftech Ltd since the 1980's, the Torbed® reactor (acronym from Toroidal Bed), consists of angled blades in an annular form at the reactor bottom. When a process gas stream is forced to pass through openings of the blades, the pressure head is converted in the blade array to a velocity head. The resultant high velocity jets keep the bed particles in suspension and rotating toroidally [16] .
Vortexing/cyclonic/rotating/swirling beds
As fluidized bed systems gained popularity for various industrial applications, the amount of research work also steadily increased to further improve its performance. One of the aspects that has been given particular attention is the lateral mixing inside the bed. These resulted in various innovations to the existing beds, such as introducing secondary air injection at the freeboard of the bed, modifications of the bed geometry (such as the tapered bed and conical bed), utilization of mechanical agitation or stirrer inside the bed apart from introducing various types of distributors. This review addresses some of these efforts but limits its discussion to the fluidized bed systems which resemble the swirling beds. While the terms 'swirling', 'vortexing', 'cyclonic' and 'rotating' indicate a similarity, there are some fundamental differences between them which distinguishes their hydrodynamic characteristics.
Vortexing fluidized beds
The vortexing fluidized bed was first patented by Sowards [17] in 1977. This system is generally designed as a cylindrical chamber with significant height-to-diameter ratio, with a combination of conventional fluidized bed (in the bottom part of the reactor) with vortexing gas-solid flow in its freeboard [18] [19] [20] [21] [22] . The latter is achieved by injecting secondary air tangentially through nozzles, with the aim of increasing the residence time of both gas and solid in the freeboard while reducing elutriation of fine particle from the fluidized bed. The flow rate of the secondary air in vortexing beds is usually a significant fraction of the primary air fed from the bottom of the bed.
Cyclonic fluidized beds
Cyclonic fluidized beds usually have moderate height-to-diameter ratio, typically 2.5 -3.0 [23] . This bed possesses intricate hydrodynamics where the primary air enters the bed tangentially from the top while the secondary air enters from the bottom [24] . Vortex rings are employed to avoid large solids from ascending with secondary air from the bottom as well as dividing the bed into upper and lower parts. However, the authors reported the presence of bed agglomeration due the formation of char during combustion and hence introduced stirring blades at the bed distributor as a countermeasure [25] apart from carrying the combustion study without inert particles [26] .
Rotating fluidized beds
Unlike both types of fluidized bed mentioned above, the rotating fluidized bed actually fluidizes the bed via generating a high centrifugal force field, which was reported by Nakamura et al. [27] to enable fluidizing fine particles which have high inter-particle cohesive forces. The system consists of a porous cylindrical gas distributor inside a plenum chamber, both axisymmetric, in which the former rotates inside the latter. This rotational motion forces the bed particles towards the porous wall by centrifugal force while the fluidizing gas flowing inwards balances this force. In a more recent design, Wilde and Broqueville [28] and Wilde [29] proposed a rotating fluidized bed but with tangential injection of fluidizing air via multiple gas inlet slots. While being successful in reducing particle entrainment, the authors reported channeling and slugging of the bed due to low bed loading. The system was further improved by Eliaers et al. [30] for drying of biomass.
Swirling fluidized beds
As the name implies, the swirling fluidized bed creates swirling motion of the bed, which is achieved either by injecting air using multiple tangential inlets at the bottom of the bed [31] or by using annular-blade type air distributors [32] [33] [34] [35] . While the tangential injection of air creates swirling in the former, the inclined distributor blades create fluidization and swirling of the bed in the latter [33] [34] [35] . The bed is also known as the toroidal bed (Torbed®) owing to the toroidal motion of the particles superimposed on the swirling motion. Recently, the annular-blade distributor was successfully integrated with conical bed and developed as biomass combustors by [36] [37] [38] . Although the bed was conical, the authors designated their bed also as swirling fluidized bed.
The swirling fluidized bed is however limited only to shallow bed operations as the bed experiences rapid lateral momentum attenuation. Apart from this, the bed requires the use of a centre body to eliminate possible creation of a dead zone in the center of the bed. As a result, the effective bed area is an annular region. At higher operating velocities, due to the high centrifugal force, the bed is thrown outwards and some valuable amount of fluidizing gas bypasses the bed at the inner part of the annular region.
Several conclusions can be drawn from this review: a) Numerous distributors have been designed, developed and studied for utilization in specific applications of fluidized bed systems. The efforts were focused mainly on achieving good air distribution inside the bed without proportionate increase in pressure drop due to the distributor. b) Although similar, the vortexing, cyclonic, rotating and swirling fluidized bed have fundamental differences and unique hydrodynamics. The existence of these beds is proof of their advantage over conventional fluidized beds. c) Several important parameters of interest among researchers in characterizing the improvements of the fluidized bed system were Umf, ∆P d , ∆P b and the regime of operation which are normally presented in the form of pressure-velocity curves.
